Investigating the effect of thermal gradients on stress in solid oxide fuel cell anodes using combined synchrotron radiation and thermal imaging 
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Changes in lattice parameter in SOFC anode measured by novel technique. Thermal gradients cause nonuniform stress gradients in SOFC anodes. Changes in lattice parameters higher than expected from pure linear expansion. X-ray diffraction Solid oxide fuel cell Infrared imaging Thermal imaging Stress analysis Synchrotron radiation a b s t r a c t Thermal gradients can arise within solid oxide fuel cells (SOFCs) due to start-up and shut-down, nonuniform gas distribution, fast cycling and operation under internal reforming conditions. Here, the effects of operationally relevant thermal gradients on Ni/YSZ SOFC anode half cells are investigated using combined synchrotron X-ray diffraction and thermal imaging. The combination of these techniques has identified significant deviation from linear thermal expansion behaviour in a sample exposed to a one dimensional thermal gradient. Stress gradients are identified along isothermal regions due to the presence of a proximate thermal gradient, with tensile stress deviations of up to 75 MPa being observed across the sample at a constant temperature. Significant strain is also observed due to the presence of thermal gradients when compared to work carried out at isothermal conditions. © 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Introduction
Solid oxide fuel cells (SOFCs) are considered to be a promising future power technology due to their high efficiency and fuel flexibility [1] ; however, the widespread adoption of such devices has been inhibited by, amongst other things, the long term mechanical instability of the stack [2e5] . The cermet anode Ni-YSZ (yttria stabilised zirconia) is widely used in the construction of such cells with the intimate contact of metallic, ceramic and pore phases in the composite material providing a 3-dimensional distribution of triple phase boundaries (TPBs) in the electrode, maximising its electrochemical performance. However, the coefficient of thermal expansion (CTE) mismatch between the anode and electrolyte phase (often a thin YSZ layer) has been widely reported to be the main cause of thermomechanical failure of SOFCs [6, 7] .
Thermal imaging has previously been performed on pellet SOFCs by Brett et al. [8] who utilised the technique to evaluate heat transfer coefficients, and Pomfret et al. [9, 10] who used a filtered CCD camera to investigate the carbon formation caused by employing methanol and ethanol as direct fuels for SOFCs. Additionally, Sch€ ottl et al. [11] used thermal imaging to investigate the thermal gradients imposed by passing a cold gas stream onto an open cathode SOFC. However, to date, the difficulty in obtaining optical access has limited the use of thermal imaging on larger form factor SOFCs.
Thermal gradients in SOFCs are present due to a wide range of conditions, including thermal cycling to/from operating conditions [12] , and under operation due to load following and localised electrochemical reactions [13] . These gradients can exacerbate degradation arising from the thermal expansion co-efficient mismatch between the metallic and ceramic phases [14] . The balance-of-plant is greatly increased by the need to minimise thermal gradients, reduce the prospect of thermally induced failure and prolong the stack lifetime. Finite element analysis (FEA) has indicated that thermal gradients of the order of 10 4 K m À1 may exist under internal reforming conditions [15] and that thermal gradients drastically increase the prospects of cell failure [16] by causing differential stress across the cell (indeed, these models also predict the presence of thermal gradients under steady state conditions [17e19]). Limited reports of experimental procedures investigating the effect of thermal gradients in operating SOFCs exist; however, it has been reported that large temperature gradients and localised hot spots are observed due to internal reforming on small form factor SOFCs [20, 21] . Stresses in SOFCs arise due a range of conditions, including sintering during the manufacture of the cell and under operational conditions (caused by both thermal and physical effects) [22, 23] . The mechanical failure of cells has been attributed to the compound nature of the cell construction, which results in in-plane stresses associated with CTE mismatch between the different layers being generated within the component layers. Indeed such stresses occur both macroscopically across the cell, and microscopically between the electrode and electrolyte layers, and within the anode, at the interface between the Ni and YSZ [13,24e26] . The Weibull distribution has been used by a number of authors to relate applied stress to the probabilistic failure behaviour of SOFC anodes under a range of conditions [16,27e29] . While the parameters used to characterise the Weibull distribution have been widely investigated [30, 31] it has been shown that the Weibull parameters can be heavily dependent on the microstructure of the anode [32] . Analytical failure criteria for SOFCs have been described by Sanrantaridis and Atkinson [5] , based upon work by Beuth [33] , who also report that while macroscopic stress distributions in anode support cells may be low, local stresses can be result in internal damage particularly during redox cycling.
A wide range of FEA has been conducted upon SOFCs in order to predict the effects of cell treatment (i.e. redox cycling) and operation. Lin et al. [24] investigated the effect of stacking SOFCs, concluding that the CTE mismatch between seals and interconnects impacted significantly on the stresses experienced by the cells. In addition, the modelling indicated that thermal gradients were unavoidable due to the nature of operation of the cell. It has also been reported that the layer which experiences the most significant tensile stresses is the anode [13] both due to the thickness of this layer within the commonly used anode supported type cell and the significantly larger CTE mismatch across the Ni/YSZ interface than the cathode/electrolyte interface. Celik et al. [34] utilised FEA analysis to investigate the degradation of SOFCs at relevant operating temperatures; the authors conclude that stress can be decreased by increasing the YSZ or Ni content and the porosity of the anode; however, this results in reduced mechanical strength in the sample [35, 36] . Celik et al. postulate that this enhanced effect of stress reduction due to the higher porosity is a result of stress relaxation through pores without restriction.
To date, a limited number of experiments utilising synchrotron X-ray diffraction (XRD) to explore operationally relevant SOFCs have been reported. A number of authors have utilised X-ray sources to identify residual stresses within SOFCs [37e42], while Sumi et al. [43] and Tanaka et al. [44] have also measured the effect of redox cycling on the internal stresses in anode supported Ni/ScSZ SOFCs. In addition to this, synchrotron radiation has been used to conduct high resolution tomography to analyse the internal microstructure of SOFC anodes [45e47] . Focused ion beam tomography has also been utilised in order to conduct microstructural stress analysis on SOFC anodes [48] ; this work indicated that the stresses experienced by the Ni phase within the anode exceeded the yield strength, resulting in plastic deformation at temperatures approaching 800 C. This highlights the need for fundamental studies in order to fully capture the effects of operationally relevant phenomena on SOFCs in operando.
To date, FEA modelling typically assumes bulk homogeneous mixtures of Ni and YSZ within the anode, as noted by Celik et al. [34] ; however, in this work, the authors show experimentally that such an assumption may not be valid, resulting in inherent errors within modelling procedures. The results highlight the significant effect thermal gradients have upon both internal stresses and strains in SOFCs, while also showing the effects of a gradient located close to an isothermal region on the strain within the cell.
Experimental
All experiments were conducted using commercial anode supported half cells (AEB-27, Fuel Cell Materials, Ohio, USA) initially comprising a 220e260 mm NiO-YSZ anode layer and an electrolyte layer composed of 8-YSZ with a thickness of 6e10 mm. The cells were laser cut (Laser Micromachining Ltd., Denbighshire, United Kingdom) in order to produce tokens of 10 Â 10 mm. Prior to the experiments the cells were reduced in a 10% H 2 in N 2 mixture for 3 h at 600 C. Trace quantities (<3%) of NiO were observed in the reduced samples; however, the levels remained stable throughout Experiments were performed at beamline I12 (JEEP) at Diamond Light Source using a bespoke furnace designed to generate thermal gradients across a sample [49] . The furnace consisting of two interlocking Inconel sections and a separate heating stage into which three individually controlled cartridge heaters (CIR-10121/240V, Omega Engineering Inc., Connecticut, USA) were placed, as seen in Fig. 1 . The furnace contained three windows: two Kapton windows for the transmission of X-rays and a CaF 2 window to enable optical access for thermal imaging. The cell housing stage was bolted to the main beamline rotation stage in order to aid the coupling of the X-ray diffraction and thermal imaging. The temperature of the samples was adjusted at a maximum rate of 5 C min À1 using the PID controlled heating stage and a hold time of between 10 and 15 min was applied before imaging in order to ensure any thermal oscillations were minimised. Forming gas (4% H 2 in N 2 ) was passed across the top of the sample at a rate of 80 mL min À1 through a heated line; this ensured the samples did not oxidise during the experiments and to reduce the duty on the cartridge heaters. Thermal gradients were obtained by positioning the SOFC sample across the edge of the heating stage; resulting in only part of the sample being heated (see Fig. 1 ). The magnitude of the gradient was tuned by careful adjustment of the portion of the sample in contact with the heating stage. Thermal imaging was performed using an IR camera (FLIR SC5600MB, FLIR Systems France, CroissyeBeaubourg, France) which was calibrated for 15e250 C and 250e1500 C temperature ranges. These calibration settings were in turn modified, to a suitable range of expected temperatures for the given experiment, in order to obtain accurate thermal results. The combined transmittivity and emissivity of both the CaF 2 window and sample was accounted for prior to each scan by placing a thermocouple on the sample enabling an accurate calibration. The camera has an extended wavelength detector allowing detection of infrared light within the range 2.5 mme7 mm. A 27 mm (F/3) lens was used throughout the imaging process, with the images recorded using commercially available software (FLIR ResearchIR, FLIR Systems, France). Due to the fixed working distance provided by the furnace, a pixel resolution of 74 mm was achieved for all infrared images. In order to limit the data storage requirements, images were recorded at 20 s intervals. To account for any PID controller oscillations, approximately 90 thermal images were averaged for each full, 30 min, scan of the sample. Thermal images were analysed using commercially available software (ResearchIR, FLIR ATS, France).
Throughout the experiments a monochromatic X-ray beam with an energy of 80 keV was used. A Thales detector (Pixium RF4343, Thales Electron Devices S.A., France) consisting of a CsI scintillator on an amorphous Si substrate with a pixel size of 148 mm Â 148 mm was utilised to collect the diffraction patterns.
Coarse alignment of the samples was performed using X-ray imaging, followed by a second, finer, alignment via X-ray diffraction using a 20 mm square beam; this beam size was maintained throughout all experiments.
When suitable alignment was achieved, a calibration of the sample distance from the detector was performed using a CeO 2 standard. During the experiment, an exposure time of 80 s was used in order to obtain sufficient count levels to perform analysis of the sample. In total, diffraction data was collected horizontally along the anode -electrolyte interface at 20 discrete points equally spaced across the sample.
Le Bail fitting of the crystallographic data was performed using Topas (Bruker, Massachusetts, USA), to obtain both the in-plane (90 ) and out-of-plane (180 ) lattice parameter of the Ni face centred cubic unit cell.
Post-mortem focussed ion beam (FIB) tomography was carried out in order to characterise the Ni-YSZ structure. A Zeiss XB1540 FIB-SEM was used to collect the images, in all cases imaging was performed at 5 kV in SE2 mode to achieve suitable contrast between the pore and solid phases. All milling was conducted at 50 nA with Ga þ ion beam accelerating voltages of 30 kV. The sample was pre-treated via gold sputtering to ensure sufficient electronic conductivity to achieve accurate SEM imaging. In total 76 sequential images were used for reconstruction enabling a reconstructed volume of 3250 mm 3 . Reconstruction was performed using Avizo Fire (FEI, Oregon, USA) with post-mortem image analysis being conducted in Matlab (R2014a, Mathworks, Massachusetts, USA). Image analysis indicated a mean porosity of 18.7% through the reconstructed element.
Results and discussion
The nature of the experimental design of the furnace enabled simultaneous high resolution thermal imaging and X-ray diffraction; the use of thermal imaging also significantly simplifies and improves the measurement of thermal gradients which could not be measured easily using thermocouples. Fig. 2(a) shows a sample thermal image obtained at a furnace temperature of 640 C, as measured by the control thermocouples. In addition, thermal gradients are shown in Fig. 2(b) , these represent the average gradient observed throughout the length of the scan (typically 30 min in duration). Fig. 2(a) shows a top down view of the sample, describing the xy plane with a large thermal gradient clearly visible in one dimension along the y-axis of the sample; this corresponds to the scan raster direction. By contrast, isotherms are seen to run along the x-axis of the sample corresponding to the direction of the incident X-ray beam. Due to the thickness of the sample, it was assumed that there was no thermal gradient through the sample along the x-z plane. These isotherms enable accurate XRD analysis as all results were obtained in transmission by integrating the 4 K m À1 which have been previously reported during internal reforming conditions in SOFCs [15] . Fig. 3 illustrates the sample showing both the anode and electrolyte which acts as a constraining layer due to the lower coefficient of thermal expansion [50] when compared to the anode layer. This constraint resulted in a slight bending of the sample towards the anode layer side within the colder region of the sample; a phenomena which was observed throughout all experiments.
Due to the geometry of the experimental setup the 90 and 180 Ni lattice parameters can be defined in accordance with the electrode/electrolyte interface. The 90 lattice parameter is seen to be vertically perpendicular to this interface (along the z-axis) with the 180 lattice parameter being parallel to the electrode/electrolyte interface (along with the y-axis). The thermal gradient is seen to be parallel to the 180 lattice parameter and thus the electrode/electrolyte interface. Due to these orientations the points analysed in the 90 direction are located along vertical isotherms, and thus unaffected by the presence of the thermal gradient. In contrast, the points analysed in the 180 direction, as defined in Fig. 3 , are parallel to the thermal gradient; thus, are strongly affected by the gradient due to its orientation across the 50 mm X-ray beam.
Le Bail fitting was performed using Topas in order to obtain elemental analysis of the X-ray diffraction results with a sample fit shown for an 90 scan obtained from the centre of a sample at 625 C in Fig. 4 . Fig. 4 shows the location of YSZ and Ni peaks obtained from the XRD patterns. The error trace also shown in Fig. 4 indicates that the location of the peaks in the fitted result correlates well with the expected results. In addition, the amplitude of the measured and fitted peaks differ by less than 5% in each case. Similar results were observed across the full length of the sample and at all temperatures observed for both the 90 and 180 cases. Trace quantities of NiO were observed during the fitting; however, the relative intensity of the measurements remained relatively constant throughout the 30 min scan in all cases, indicating no oxidation of the sample during the scans. The diffraction peaks in the 90 direction obtained at a range of temperatures from ambient to 600 C are shown in Fig. 5 . Fig. 5 highlights the 90 Ni peaks obtained during Topas analysis over the range of temperatures examined during the experiment. It is evident that the location of the peaks shifts negatively with increased temperature with the Ni (022) peak shifting from a 2-theta angle of 7.22 to an angle of 7.17 . Additionally, it is evident 3 . Schematic of the Ni/YSZ half-cell indicating the direction of the incident X-ray beam, the scan raster direction, the imposed thermal gradient from 640 C to 500 C and the orientation of the infrared thermal imaging. Also shown is the direction of the 90 and 180 Ni lattice parameters which were used for all analysis. that the amplitude of the Ni peaks remains relatively stable, indicating a stable sample composition throughout the duration of the experiment; this enables direct comparison of the results obtained between temperatures. A small increase of NiO peaks is observed at a 2-theta angle of approximately 6.1 from 350 C to 400 C, with a subsequent reduction in the peaks from 400 C to 600 C.
As the Ni unit cell is face centred cubic, a pure Ni unit cell can be described by a single lattice parameter [51] ; this, however, is not the case when the Ni is incorporated into a Ni/YSZ cermet, as seen in Fig. 6 . The preparation of the anode involves the reduction of a NiO/YSZ layer to an active layer of Ni/YSZ, resulting in a volume change of up to 40% [52] . Because of the constraining effect of the YSZ electrolyte an offset between the 90 and 180 Ni lattice parameters occurs, as seen in Fig. 6 . Due to the interconnected, complex 3-D structure of the Ni phase within the cermet, Ni grains will be randomly orientated throughout the mixture. Given this random orientation, defining a universal Poisson's ratio is not possible; rather, averaged Ni lattice parameter lengths in the 90 and 180 directions are described based on an assumption that the crystals are orientated with equal probability in all directions. These averaged parameters are obtained by calculating the eccentricity of the Ni diffraction signal integrated throughout the full 10 mm thickness of the sample.
The effect of incorporating Ni into the cermet mixture is highlighted in Fig. 6 which shows a constant offset between the averaged Ni 90 and 180 lattice parameters over a wide range of operationally relevant temperatures using data obtained at beamline I-12. Fig. 6 highlights the elastic deformation caused by a uniform heating/cooling cycle which is displayed in both the averaged 90 and 180 lattice parameters under isothermal conditions. Stress relaxation was observed in an initial heating cycle (above 800 C); however, in the subsequent heating/cooling cycles no relaxation was observed, indicating a single cycle was sufficient to relieve inherent strains within the sample. Once the inherent stresses had been relieved, a linear trend was observed in the Ni lattice parameters as the sample is uniformly heated from ambient, conforming to pure thermal expansion. When the sample is subsequently cooled from 950 C to 400 C the lattice parameters are seen to overlap, associated with elastic behaviour, with those obtained during the heating cycle, in this case corresponding with thermal contraction. In addition, the offset observed between the averaged 90 and 180 Ni lattice parameters is seen to be constant across the full range of temperatures. This constant offset indicates the thermal cycling impacts upon both the 90 and 180 averaged lattice parameters uniformly when under isothermal conditions. In both the heating and cooling cycles shown in Fig. 6 , the contribution to the change of Ni lattice parameter is a simple product of the temperature change and the coefficient of thermal expansion. Fig. 7 shows the effects of thermal gradients on the averaged Ni 90 and 180 lattice parameters. The results are presented to show both the thermal gradient identified by thermal imaging and the lattice parameters obtained from XRD analysis.
The results displayed in Fig. 7 show a non-uniform contraction in the averaged 180 Ni lattice parameter with respect to the averaged 90 Ni lattice parameter. While the behaviour of the averaged 90 Ni lattice parameter is consistent with linear thermal contraction (there was no observed deviation from the expected close to plane stress condition as no thermal gradient exists in the 90 direction), the averaged Ni 180 lattice parameters show considerable deviation from the behaviour expected. Rather than a uniform offset between the two lattice parameters, as shown in Fig. 6 , a convergence is evident along the length of the sample, coinciding with the onset of the thermal gradient. In addition, contraction of the averaged 180 lattice parameter is evident prior to the onset of the thermal gradient, indicating that the presence of a thermal gradient affects the lattice parameters, even in regions of constant temperature. This behaviour can be explained by a proposed 'nearest neighbour effect' (shown diagrammatically in Fig. 8) , with the resultant contraction of the averaged 180 lattice parameters along the isothermal region (0e5 mm) being caused by the reduction in the Ni lattice parameter along the gradient. Given that the Ni must be interconnected throughout the anode to ensure sufficient electronic conductivity, a large contraction in the Ni unit cell in a single direction will increase the stress on its neighbouring unit cells resulting in exacerbated deformation as indicated in Fig. 7 . Fig. 8(a) shows the effect of discrete temperatures on the Ni/YSZ cermet which is constrained by a YSZ electrolyte layer due to the mismatch in CTE between the two component layers. Here, an offset between the 90 and 180 averaged lattice parameters is shown to be caused during the reduction process by the constraining electrolyte layer. However, due the uniform and discrete temperatures no interaction between thermally mismatched grains occurs and contraction occurs at equal rates for both lattice parameters. This contrasts with the effects observed in presence of a thermal gradient, as described by Fig. 8(b) . Due to the thermal gradient, strains are manifested across interconnected grains at different temperatures and thus non-uniform levels of expansion occur. The effect of these interactions is to exacerbate contraction in the plane perpendicular to the constraining electrolyte layer (corresponding to the averaged 180 lattice parameter) and thus induce larger stresses upon the individual grains. In this instance the extent of deviation from a case of constant temperature will depend on the magnitude of the thermal gradient across the sample in all directions. Due to the nature of this experiment a onedimensional thermal gradient was imposed resulting in deviations only in the averaged 180 lattice parameter (which is parallel to both the thermal gradient and the electrolyte layer). This effect will be influenced by the microstructure of the anode, with a high level of solid phase connectivity increasing the interaction between the grains. The microstructure of samples used throughout the study have been obtained using FIB tomography (see Fig. 9 ) with the mean porosity of the sample calculated to be 18.7%; additionally the connectivity of the pores was observed to be low indicating a high degree of solid phase connectivity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) The results of Fig. 6 were used as a control sample set in order to directly compare similar cells, both with and without a thermal gradient. In order to compare the two cases, models were developed using a linear fit in Matlab to relate the average lattice parameter length in both the 90 and 180 directions to the absolute temperature. Utilising this model and the thermal gradients observed in Fig. 7(a) , an 'expected contraction' curve was generated. This curve enables a direct comparison between the extent of contraction in the averaged 180 Ni lattice parameter in the presence of a thermal gradient (Fig. 7(a) ) with an expected contraction (obtained from a similar sample (Fig. 6) ) investigated without the presence of a thermal gradient. Both the measured and modelled deviation from a normalised Ni 180 lattice parameter taken at 640 C are displayed in Fig. 10 . By comparing the expected and measured results it is evident that the presence of a thermal gradient causes a significantly amplified deviation in averaged 180 lattice parameter than would be expected from linear thermal expansion type behaviour. Once more, it is proposed that the 'nearest neighbour effect' results in significantly increased distortion in the Ni unit cell. The distortion shown above can be considered to be an indication of the stress experienced by the mean Ni unit cell in the 180 direction; while in the 90 direction linear thermal expansion behaviour is the only cause of thermal stress.
Thermal stress was calculated for points along the thermal gradient from the first principal definition of strain, which is given by
where L is the Ni lattice parameter length at a given temperature and L 0 is the stress-free Ni lattice parameter length obtained at a sintering temperature of 1100 C. The thermal stress then obtained at the discrete points along the thermal gradient by utilising the definition of Young's modulus for elastic materials to yield
This calculation was performed using values of the Young's modulus obtained from Pihlatie et al. [53] at the relevant temperatures of interest. Fig. 11 shows the results of the calculated thermal stress as a function of temperature for the samples across three independent experiments.
Once more it is observed that non-thermal expansion type stress behaviour is displayed by the Ni 180 lattice parameter in Fig. 11 . The linear behaviour displayed by the 90 lattice parameters, which result in a uniform grouping of lattice parameters obtained at constant temperatures, is consistent with behaviour expected along the isotherms in which the measurement was taken. In contrast, a stress gradient is observed along isotherms in the 180 lattice parameters. The magnitude of the isothermal stress is seen to range between 50 and 75 MPa in all cases which, when compared to the lowest absolute thermal stress along the isotherm, results in a stress gradient between 10 and 16% of the absolute tensile stress. This increased stress, along what is ostensibly a region where no thermally induced stress gradient is present, is significantly large under the externally unconstrained sample conditions in which the experiments were performed; however, by adding constraints to the edges of the sample, the stress within the sample will increase even further, thus increasing the chance of fracture of the sample.
Conclusions
Using synchrotron radiation, non-uniform thermal expansion has been observed in Ni/YSZ SOFC anode half cells due to the presence of operationally relevant thermal gradients. Analysis of the X-ray diffraction peaks shows a good fit for both the in and out of plane Ni lattice parameters for a simple face centred cubic unit cell, enabling analysis using commercial software which results in high accuracy correlation with the thermal gradients obtained. The thermal gradients, which were measured using infrared thermal imaging, have been shown to cause significant deviation from the behaviour expected if only linear thermal expansion type behaviour was considered.
Convergence between in and out of plane Ni lattice parameters, averaged through the thickness of the sample, is observed across the length of the sample coincident with the thermal gradient. The convergence is observed prior to the onset of the thermal gradient suggesting a 'nearest neighbour' effect which results from the connected nature of the Ni within the anode microstructure and results in deformation along isotherms due to the neighbouring unit cells contracting as a result of the thermal gradient.
Comparison with work performed on similar samples under isothermal conditions has demonstrated that significant deviations from the expected thermal expansion behaviour have been observed at operational temperatures indicating the presence of substantially higher strain in the Ni phase than would be expected.
Tensile stress has been observed within the Ni phase of the sample. It is observed that this tensile stress reduces with increasing temperature and behaves in a linear fashion for the 90 lattice parameters due to the experimental set-up. Thermal stress gradients of 10e15% of the absolute stress have been identified along isotherms for the averaged out of plane Ni lattice parameters caused by the presence of thermal gradients. Once more, such behaviour is explained by the 'nearest neighbour' theory. Additionally, constraining cells externally will increase this stress resulting in an increased likelihood of fracture of the cell.
Models must consider additional stresses when describing the stresses experienced within SOFC anodes during start-up and shutdown, heavy cycling or under internal reforming conditions which can cause large thermal gradients resulting in significant underestimation of the tensile stresses present. Fig. 10 . Relative change of the measured Ni 180 lattice parameter and the Ni 180 lattice parameter which would be expected were pure linear thermal expansion assumed along the length of the sample using the data displayed in Fig. 6(a) at a furnace temperature of 640 C.
